and the temperature and frequency dependence of the dielectric susceptibility e 33 were also measured.
Introduction
Ternary relaxor-based ferroelectric single crystals xPb(In 1/2 -Nb 1/2 )O 3 -(1 À x À y)Pb(Mg 1/3 Nb 2/3 )O 3 -yPbTiO 3 (PIN-PMN-PT) with composition near the morphotropic phase boundary (MPB) have attracted much attention for their comparable electromechanical properties to that of binary Pb(B 1 B 2 )O 3 -PbTiO 3 (B 1 = Mg 2+ , Zn 2+ ; B 2 = Nb 5+ ) single crystals but with much higher coercive fields, mechanical quality factors, and phase transition temperatures [1] [2] [3] [4] [5] [6] [7] . It is well known that the [0 0 1] c poled domain engineered relaxor-PT single crystals in the rhombohedral crystal phase have superior longitudinal piezoelectric coefficient, d 33 (>2000 pC/N) and very high electromechanical coupling factors, k 33 (>90%) [8] [9] [10] , while [0 1 1] c poled rhombohedral phase crystals show excellent shear and transverse piezoelectric coefficients, d 15 and d 32 , with very high electromechanical coupling factors k 15 and k 32 [11] [12] [13] . Hence, [0 0 1] c and [0 1 1] c poled multi-domain rhombohedral phase relaxor-PT single crystals are now being used to replace PZT ceramics in making superior longitudinal, transverse, and shear mode electromechanical devices.
In this work, we have fully investigated the elastic, piezoelectric, and dielectric properties of also measured in order to gain some knowledge on temperature and frequency stabilities. The P-E hysteresis loops were measured to determine the coercive fields in both [0 0 1] c and [0 1 1] c directions. More importantly, two sets of full matrix material properties have been determined by combined resonance and ultrasonic methods. These self-consistent data sets are much needed for both fundamental studies as well as input for the design of electromechanical devices using finite element packages. The combined resonance and ultrasonic method has proven effective for getting self-consistent matrix data sets [14, 15] . The dimensions and geometries of samples in resonance measurements were specified by the IEEE standards on piezoelectricity [16] . The resonance and anti-resonance frequencies were obtained by an HP 4194A impedance-phase gain analyzer. Two 3 mm cubes with the orientations of ) and the time of flight between echoes was measured using a Tektronix 460A digital oscilloscope. The phase velocities of the longitudinal and shear waves were used to calculate the elastic constants together with the density, which was measured by the Archimedes's principle. (T rÀt = 93°C and T c = 137°C) make the ternary system a much better candidate for making more temperature stable electromechanical devices [17] . [17] .
Results and discussion
For a multi-domain rhombohedral 0.33PIN-0.38PMN-0.29PT, the [0 0 1] c poled single crystal shows tetragonal 4m symmetry macroscopically, which has 11 independent material constants: 6 elastic, 3 piezoelectric, and 2 dielectric constants. But for [0 1 1] c poled single crystals, the macroscopic symmetry is orthorhombic mm2, which has 17 independent material constants: 9 elastic, 5 piezoelectric, and 3 dielectric constants. We have experimentally determined the complete sets of elastic, piezoelectric and dielectric constants for both [ [12] . It can be seen that the 0.33PIN-0.38PMN-0.29PT single crystals with the PT composition only slightly away from the MPB on the rhombohedral phase side are the excellent candidates for high-power transducers for their better temperature stability and good electromechanical properties. 
Summary and conclusions
The temperature and frequency dependence of dielectric constant showed that the 0.33PIN-0.38PMN-0.29PT single crystal has higher phase transition temperatures and good frequency stability compared to its binary counterpart. The crystals have coercive fields nearly three times as high that of the corresponding 0.71PMN-0.29PT single crystals in both [0 0 1] c and [0 1 1] c directions, so that this ternary single crystal is a much better candidate for high-power applications. In addition, we have experimentally determined the complete sets of elastic, piezoelectric, and dielectric constants for both [0 0 1] c and [0 1 1] c poled 0.33PIN-0.38PMN-0.29PT single crystals, which are very useful for the design of electromechanical devices as well as for theoretical studies on these relaxor-based multidomain single crystals. 
